Insulin is crucial for granulosa cell (GC) function, follicle growth and ovulation in cows; low insulin levels increase the risk for anoestrus. Apart from insulin concentration, alterations in the insulin receptor (IR) density on GC may affect follicular growth and steroidogenesis. Data about the IR protein distribution in the bovine follicle are scarce. Therefore, we aimed to develop a quantifiable staining method for IR protein on histological sections of bovine follicles in different developmental stages, and to apply this technique on GC obtained in living cows.
Introduction
High-yielding dairy cows suffer from a high incidence of reproductive disorders, causing considerable economic loss to the dairy sector [1] . Although many factors such as modern management and housing circumstances contribute to this problem, the energy status during early lactation is particularly important in the etiology of fertility disorders [2, 3, 4] . Delayed resumption of ovarian activity is a major cause of poor reproductive performance: Opsomer et al. [5] have reported that almost 25% of high-yielding cows suffer from an extended interval from parturition to first ovulation, and conditions suggestive of a severe energy deficit were identified as risk factors. Although follicular growth is mainly regulated by FSH and LH, metabolic signals can further modify folliculogenesis. Insulin and insulin-like growth factor-I (IGF-I) are often proposed as signal molecules between metabolism and fertility [6, 7] . Resumption of regular ovarian cyclicity is hampered in vivo by low systemic insulin [8, 9, 10] and IGF-I concentrations [2, 11] . Insulin and IGF-I may interact with the reproductive axis on the central nervous level [12, 13, 14] as well as in the follicle itself. Indeed, in vivo effects of insulin and IGF-I on follicular development, independent of FSH and LH, have been reported [15, 16, 17, 18] . In vitro research has pointed out dosedependent stimulatory effects of insulin and IGF-I on the proliferation and steroid synthesis of bovine granulosa cells (GC) and theca cells (TC); these effects may be exerted via direct stimulatory actions as well as increased local responsiveness to FSH and LH [19, 20] .
Apart from systemic and intrafollicular insulin and IGF-I concentrations, changes in the local expression of insulin and IGF-I receptors (IR and IGFR, respectively) are involved in follicle growth and function, as illustrated by a number of PCR studies. In bovine GC and TC, IR mRNA expression changes considerably during the development from the pre-antral to the preovulatory follicle [21] . Similarly, IGFR expression in bovine GC and TC is increased during final follicular development [22] and decreased at the onset of atresia [23] . In women, IR expression is altered in GC obtained from polycystic ovaries, a relatively common ovulation disorder [24] . However, it is important to note that hormone receptor mRNA expression does not ensure successful receptor incorporation in the cell membrane. Therefore, direct visualization of IR and IGFR protein, for instance by immunohistochemistry, is necessary for a complete understanding of the role of insulin, IGF-I, and their receptors in follicular cells. Direct visualization of IGFR on bovine follicles has been carried out [22] , but a similar technique for the IR protein in cows is, to our knowledge, not available.
The aims of this study were 1) to develop a direct staining technique for IR protein in bovine ovaries obtained from the slaughterhouse, 2) to quantify the IR density in distinct ovarian cell types and in follicles of several developmental stages, and 3) to evaluate the usefulness of this technique on GC obtained by follicular fluid (FF) aspiration in live cows.
Materials and methods

Collection of slaughterhouse material
Pairs of ovaries from Holstein-Friesian cows were collected in a local slaughterhouse immediately after bleeding. Based on their diameter, follicles were classified macroscopically as small antral (SAF; < 5 mm mm in diameter), dominant (DF; the largest follicle > 8 mm in diameter) and subordinate (SF; second largest follicle > 5 mm in the presence of a DF) in 65 ovaries. All DF and SF were emptied with a syringe and a 21 G needle and slowly refilled with 4% formalin; FF was stored at À80 8C. Additionally, 4 developing (day 5-10) and 4 regressing (day 18-20) CL were selected, based on their macroscopic appearance [25] . Ovaries were fixated by immersion in 4% formalin. After 48 h the region of interest, consisting of the follicle or CL and a margin of stromal tissue, was dissected out and embedded in paraffin for 24 h, after which 4 mm paraffin sections were made.
Staining procedure
Sections of the bovine ovaries were deparaffinized in xylene, followed by rehydration in a series of graded ethanol concentrations. Antigen sites were exposed by immersion of the slides in a pH 6 citrate buffered solution (98 8C, 30 min). Subsequently, the slides were processed in a semi-automatic device (Autostainer, Dako, Heverlee, Belgium). Endogenous peroxidase activity was quenched with a 3% H 2 O 2 solution for 5 min at room temperature (RT). The tissue was incubated for 30 min at RT in 10% goat serum in PBS to block non-specific reactions. The primary antibody, a monoclonal murine IR IgG 1 (Invitrogen, Merelbeke, Belgium), was added at a concentration of 1 mg/ml in PBS for 30 min at RT. This antibody reacts specifically with the alpha subunit of IR and does not cross-react with IGFR. A peroxidase labeled goat antimouse secondary antibody (Envision; Dako, Heverlee, Belgium) was added for 30 min at RT. The IR complex was visualized by incubation with the substrate chromogen 3,3'-diaminobenzidine (DAB; Dako, Heverlee, Belgium) for 10 min at RT. Between each step, slides were washed with PBS. Sections were counterstained for 4 min with haematoxylin at RT, cleared, and mounted.
Altogether, tissue sections of 73 ovaries were stained in 4 separate runs on 4 distinct days. Within each run, one ovarian tissue section was included in duplicate with PBS instead of the primary antibody as a negative control. Also, tissue sections of human breast carcinoma were stained following the same protocol in a preliminary study (data not displayed). This tissue has been reported to express increased amounts of IR [26] and is suggested by the manufacturer of the antibody as a positive control.
Assessment of follicular health status
At the time of collection, viability of DF and SF was estimated macroscopically as described elsewhere [27] . Follicles displaying a uniformly bright appearance, extensive and fine vascularization of the follicle wall, and no free-floating particles in the FF were considered healthy, while follicles not meeting these criteria were considered atretic. For final classification, estradiol (pg/mL) and progesterone (pg/mL) concentrations in the FF of DF and SF were determined using the Cobas Estradiol II and Progesterone kits (Roche Diagnostics, Indianapolis, IN). Follicles with an estradiol:progesterone ratio above 1 were considered healthy, while those with a ratio below 1 were classified as atretic [28] . Estradiol analysis had a detection limit of 5 pg/mL and an inter-and intra-assay CV of 8.6 and 4.7%, while progesterone analysis had a detection limit of 95 pg/mL and an inter-and intra-assay CV of 5.2 and 3%, respectively.
Digital image analysis
Several follicular types could be distinguished in the slides, including DF, SF, SAF, and pre-antral follicles (PAF). Among PAF, further distinction could be made between primordial follicles, consisting of an oocyte and a single layer of flat GC, primary follicles with cuboidal GC, and secondary follicles containing several layers of GC and TC [29] . In SAF, DF, and SF, distinct follicular regions were identified. Briefly, the GC layer consists of several layers of polyhedral cells with round nuclei, separated from the internal TC layer by a basal membrane. The internal and external theca layers consist of spindle-shaped or polyhedral cells and small blood and lymph vessels; in most cases, those two layers could not be clearly distinguished from each other and were identified together as the theca layer (T). The stromal tissue (STR) is characterized by spindle-shaped or fibroblast-like cells, arranged in coils, and a considerable amount of collagen, blood, and lymph vessels. Within each follicle, a digital image was obtained from a region allowing clear distinction of the cell layers and displaying the clearest staining signal, using a digital camera mounted on a motorized light microscope (Olympus Belgium N.V., Aartselaar, Belgium). Since most slides contained several follicles, 177 images were obtained from the 73 tissue sections. Images were analyzed with the Motic Images Advanced software pack (Motic Europe, Barcelona, Spain). Briefly, a color spectrum corresponding with the brownish-red color of DAB was selected by adjusting the red and blue threshold levels. This was repeated for every image in order to make sure only positively staining pixels were counted, since contrast and intensity of staining and counterstaining varied between and within runs and slides. The percentage of pixels occupied by the brownish-red color of DAB within each selected region (GC, T, and STR) was computed as a measure for IR protein density.
In vivo collection of GC
For the in vivo GC collection, 20 lactating HolsteinFriesian cows, housed in a research farm, were studied from parturition until 70 days (d) post partum (pp). The study protocol had been approved by the Ethical Committee of the Faculty of Veterinary Medicine (Ghent University, Merelbeke, Belgium). Cows underwent transrectal ultrasound examination of the genital tract on 27 d and 67 d pp; cows displaying a CL were treated with dinoprostum (Dinolytic 25 mg im, Pfizer Animal Health, Louvain-La-Neuve, Belgium) to induce luteolysis and initiate a new follicle growth wave. On 30 d and 70 d pp, the FF of all available follicles > 0.8 cm was collected by ultrasound-guided transvaginal aspiration, as described by Bols et al. [30] . In brief, cows received a small epidural anesthesia, after which a multi-angular 7.5 MHz probe was inserted into the vagina, slightly cranial to the cervix. Ovaries were transrectally manipulated towards the head of the probe and the follicle was positioned on the biopsy line on the monitor, after which follicular contents were aspirated with a 19 G needle connected to a 5 ml syringe. The FF was collected in a 10 ml Falcon tube and immediately transported to the lab in a cooled container (48 C). A sample of the FF was stored at -80 8C for steroid analysis and classification of the follicles, as described in section 2.3. The remaining FF was processed by the cytospin procedure: briefly, cells in the FF were deposited onto a glass slide by centrifugation, while the residual fluid was absorbed by a filter card (Shandon Cytospin 4, Thermo Fisher Scientific Inc., Waltham, MA, USA). The resulting cytological slides were stained identically to the histological slides.
The following criteria of the obtained GC slides were subjectively evaluated by the same person: GC density (high, moderate or low), GC arrangement (separate or cluster-wise), and amount of cellular debris (high or low). The staining intensity of the slides was subjectively assessed (high, moderate, or low) based on the proportion of the GC displaying a positive staining signal and the intensity of the signal.
Statistical analysis
Statistical analyses were carried out with the SPSS software pack (version 16.0; SPSS Inc., Chicago, IL). For the histological sections, the effects of ''region'' (categorical; GC, T, or STR), ''follicle type'' (categorical; SAF, DF, or SF) and ''health status'' (categorical; healthy or atretic) on IR density (continuous; %) were investigated in an ANOVA model. Pair-wise compar- Table 1 Estradiol and progesterone concentrations in bovine follicles collected in the slaughterhouse. Based on their estradiol:progesterone ratio, follicles were classified as ''healthy'' (ratio > 1) or ''atretic'' (ratio < 1). 
Results
Formalin-fixed histological sections
Due to shedding of the GC layer in DF and SF, only 28 DF and 8 SF were suitable for staining. Most slides contained a considerable number of SAF which were unaffected by shedding; as a result, 141 SAF were evaluated. In the DF group, 7 follicles were classified as atretic and the remaining 21 as healthy. In the SF group, 2 follicles were classified as atretic and the remaining 6 as healthy. Average steroid concentrations and estradiol:progesterone ratios of the slaughterhouse follicles are presented in Table 1 .
The typical brownish-red color typical for DAB had been demonstrated preliminarily in the positive control slides and was absent in the negative control slides. The overall quality of immunohistochemical staining was good, with no apparent background staining. A summary of the staining results in the different follicular regions is provided in Fig. 1 . An effect of region on IR density was found: staining intensity was notably higher in the GC region compared to T and STR (P < 0.001). In contrast, staining intensity in T and STR was very weak and did not differ between the two layers (P = 0.92). In the GC, the staining signal was concentrated on the outer zones of the cells, reflecting the membrane-bound distribution of the IR. Staining intensity appeared to be more pronounced in the GC layers adjacent to the basal membrane. An effect of follicle type on IR density was found: overall, staining intensity was higher in SAF compared to DF (P < 0.001) and tended to be higher in SAF than in SF (P = 0.072), but did not differ between DF and SF (P = 0.97). Insulin receptor density was not affected by the health status of the follicle: staining intensity did not differ between healthy and atretic follicles (P = 0.64). Pre-antral follicles and CL did not display any presence of IR. Cumulus-oocyte complexes displayed no IR staining signal, irrespective of the follicle type or health status. Illustrations are provided in Fig. 2. 
In vivo collected GC
Altogether, 52 FF samples were obtained from the 20 cows selected for transvaginal aspiration; samples were processed in 19 different staining sessions. On day 30 pp, 28 follicles were available; four cows presented a CL on 27 d pp and were treated with prostaglandin. On 70 d pp, 24 follicles were available; 7 cows had received prostaglandin 3 d prior to the procedure. All follicles punctured after induced luteolysis yielded FF samples with a high estradiol:progesterone ratio and were classified as healthy; 5 of 28 follicles on d 30 pp and 7 of 24 selected follicles on 70 d pp were classified as atretic. Average steroid concentrations and estradiol:progesterone ratios of the punctured follicles are presented in Table 2 .
Illustrations of GC obtained by in vivo FF aspiration are provided in Fig. 3 . On day 30 pp, GC density was considered high in 42%, moderate in 29%, and low in 29% of the slides, compared to 25, 33, and 42% on day Cluster-wise positioning of the GC was noted in 39% and 43% of the slides; 46 and 50% of the samples contained a considerable amount of cellular debris on 30 and 70 d pp, respectively. These proportions were independent of time point pp or the health status of the follicles (P > 0.10).
Discussion
Formalin-fixed histological sections
The most striking findings of the current study were the very pronounced IR staining intensity on GC compared to any other ovarian cell type and the remarkably high IR density in SAF. High repeatability of the staining signal on GC in the sample slides, manifest staining of human breast carcinoma sections, and the absence of staining on negative control slides indicate sufficient specificity of the method. To our knowledge, this is the first study in which the distribution pattern of IR is directly visualized in different bovine ovarian cell types. Other studies addressing direct visualization of IR protein in bovine ovaries are lacking, and our findings can only be compared to studies focusing on the expression of IR mRNA in cattle [21] , IGFR mRNA and protein in cattle [22] , or IR mRNA and protein in women [31, 32] .
For correct interpretation of the results, it is important to bear in mind certain limitations of immunohistochemical staining procedures. Staining intensity of DAB is known to display fluctuations between regions of tissue sections, and this was also noticed in the current study. Therefore, obtained digital images of a section of the follicle may not be fully representative for the entire follicle. By adjusting cutoff levels for each digital image, we aimed to overcome misinterpretations by the image analysis system due to variations in staining between and within runs.
Pronounced IR density on GC is in agreement with other reports in literature. Strong IR mRNA expression on GC has been demonstrated on ovaries collected post mortem in non-lactating heifers [21] . Correspondingly, pronounced expression of IGFR on bovine GC, both on the protein and the mRNA level, has been reported [22, 23] . The weak to negative IR staining signal in T and STR is, however, inconsistent with other studies. In women, IR protein and mRNA were found throughout all ovarian compartments, including GC, TC, and STR [31, 32] . Expression of IR mRNA in bovine TC has been reported to be weak but appreciable in antral follicles and even intense in pre-ovulatory follicles [21] . The fact that IR mRNA expression in TC detected by PCR could not be substantiated by direct immunostaining of the IR protein may be explained merely by differences in sensitivity between the two methods. However, the difference could also be caused by post-translational modifications of the IR mRNA transcript. In contrast to women, where positive IR immunostaining in PAF, oocytes, and CL has been described [31] , the presence of IR could not be confirmed in bovine CL, cumulusoocyte complexes, and PAF in the current study.
Although IR presence was clearly demonstrated in DF and SF, staining intensity was remarkably higher in SAF. This is surprising, since other studies carried out in human [31] and bovine [21, 22] follicles reported that IR and IGFR mRNA expression in GC progressively increased as antral follicles developed to the preovulatory stage. Importantly, classification criteria differed between studies. The latter two publications [21, 22] did not focus on follicles < 5 mm and specifically addressed distinct categories of follicles > 5 mm, including pre-ovulatory follicles. In the present study, however, SAF < 5 mm in diameter were investigated, while pre-ovulatory follicles were included in the DF group and not separately classified.
Follicular health status (atretic or healthy) of DF and SF, based on FF steroid concentrations, was not associated with changes in IR. Reports about IR and IGFR expression in the course of follicular atresia are inconsistent in literature. Shimizu et al. [21] found no difference in the expression of IR mRNA between SF, estrogen inactive DF, and estrogen active DF in cows. In women, follicular atresia was associated with the loss of IR protein staining in GC and pronounced IR presence on TC [31] . Similarly, a decrease of IGFR mRNA has been reported during the development of atresia in bovine follicles [23] .
Pronounced IR presence on GC suggests that the latter, rather than TC, are the major target cells for insulin action on follicular growth. Accordingly, positive effects of hyperinsulinaemic clamping on estradiol concentrations in vivo suggested a direct stimulatory effect of insulin on GC aromatase activity [18] . The importance of insulin for final development and ovulation of DF is generally accepted in literature [8, 9] . However, the strong IR presence on SAF is a novel finding which, together with the absence of IR in PAF, indicates the involvement of insulin and the acquisition of IR in early follicular growth. This hypothesis is supported by the fact that dietary manipulation of the insulin concentrations resulted in a numeric increase of small (< 4 mm), but not medium-sized (4-8 mm) or large (> 8 mm) follicles [15] .
In vivo collected GC
The role of follicular insulin responsiveness in bovine fertility has not been explored in depth. For instance, it is plausible that differences in IR density on follicle cells are involved in the development of ovulation disorders, as demonstrated in women [24] . Therefore, we aimed to apply the presented IR staining technique on GC obtained from live cows. The presence of IR was clearly demonstrated on GC obtained by transvaginal follicular fluid aspiration, further supporting the concept that GC in bovine follicles are an important target for insulin action [18] . However, several obstacles were encountered that hindered objective interpretation of the slides. First, poor reproductive performance of the cows in the present study made it impossible to properly synchronize their ovarian cycles. As a result, follicles were blindly aspirated on 30 and 70 d pp without knowledge of their age and developmental stage. Additionally, GC samples were obtained on different days and processed in a large number of separate staining sessions. Altogether, these factors resulted in extensive variation between slides in terms of GC density, presence of debris, and GC presentation, impeding an objective comparison of IR staining intensity. Additionally, it is not known which population of GC was represented in the FF samples. This may further confound quantitative results of the staining intensity, since differences between basal and superficial GC layers were noted in histological sections. Loss of follicular wall integrity and the appearance of free-floating particles in the lumen have been associated with follicular atresia [27] ; therefore, the presence of cellular debris and detached clusters of GC, containing basal GC layers, would be expected mainly in the FF of atretic follicles. This hypothesis was, however, not supported by our results, since GC arrangement and amount of debris were independent of the follicular health status estimated by the estradiol:progesterone ratio in the FF.
In summary, the importance of IR receptor density on GC in the development of bovine reproductive disorders remains to be elucidated. The presented staining technique may be a suitable tool to study GC harvested in vivo in lactating cows, providing a novel approach for the research of interactions between metabolism and folliculogenesis. However, results were difficult to interpret due to extensive variation in the quality of the slides, and further standardization of this technique is indispensable before it can be applied in scientific research.
Conclusions
In the current study, we present a specific and quantifiable immunostaining technique for histological sections of bovine ovaries. Important findings included the pronounced IR density on GC in all antral follicle types and the strong staining signal in SAF compared to PAF, DF, and SF. These results suggest that stimulatory effects of insulin on follicular growth and function are exerted via GC rather than TC, and that acquisition of IR is particularly important for early folliculogenesis. Additionally, the presented staining technique may become applicable on GC obtained in live cows, yielding novel perspectives for exploring the involvement of IR in the pathogenesis of fertility disorders in dairy cows. However, further standardization of this application is needed and should be encouraged.
